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Mail Stop Appeal Brief - Patents 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 


This Appeal was commenced by a Notice of Appeal filed on March 8, 2004. This 
Appeal Brief is filed two months from the filing date of the Notice of Appeal on March 8, 2004. 
Since May 8, 2004 fell on Saturday, this Appeal Brief is timely filed on May 10, 2004. The 
Notice of Appeal appeals the final rejection of claims 1-22 and 28. 
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The headings used hereinafter and the subject matter set forth under each heading 
is in accordance with 37 C.F.R. §1.1 92(c). 

I. REAL PARTY IN INTEREST 

Thomas R. Anthony and Suresh S. Vagarali are the only inventors of the 
invention described and claimed in the above-identified application. These inventors have 
assigned all rights, title, and interest in the invention of the application to Diamond Innovations, 
Inc., of Worthington, Ohio, as evidenced by the attached assignments in Appendix II which were 
filed with the United States Patent and Trademark Office. The Assignment of Patents of General 
Electric Company to GE Superabrasives, Inc. and the Assignment of Patents of GE 
Superabrasives, Inc. to Diamond Innovation Inc. are included for reference purposes. 

II. RELATED APPEALS AND INTERFERENCES 

There are no other appeals or interferences known to the Appellants, the 
Appellants' legal representative or Assignee, which will directly affect or be directly affected by 
or have a bearing on the Board's decision in this pending Appeal. 

III. STATUS OF CLAIMS 

Claims 1-22 and 28 remain pending in the present application and are currently 
rejected. Claims 23-27 and 29-31 have been cancelled. Particularly, claims 3, 8, and 9 stand 
rejected under 35 U.S.C. §112, second paragraph. Claims 1-22 and 28 stand rejected under 35 
U.S.C. § 103(a) for unobviousness over U.S. Patent No. 4,124,690 to Strong, et al . alone or taken 
with U.S. Patent No. 3,609,818 to Wentorf Jr. . Claims 1-16, 19-22 and 28 stand rejected under 
35 U.S.C. § 103(a) for obviousness over U.S. Patent No. 3,134,739 to Cannon . 

IV. STATUS OF AMENDMENTS 

The Amendment filed on March 8, 2004 in response to the Final Office Action of 
December 8, 2003, and simultaneously with the Notice of Appeal includes substantive 
amendments to the claims. The Examiner indicates in the Advisory Action dated April 15, 2004 
that the proposed amendments will be entered upon the timely submission of a Notice of Appeal 
and Appeal Brief with requisite fees. The claims on Appeal are pending claims 1-22 and 28 
listed in the Amendment of March 8, 2004, and included in the Appendix. 
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V. SUMMARY OF THE INVENTION 

The present invention is directed to methods for producing colored diamonds, 
including neon yellow-green diamonds, from natural brown diamonds. 

The claims on Appeal are directed to a method for changing the color of brown 
natural diamonds selected from one of a Type IaB, Type IaA/B, Type IaA or Type lb diamond. 
The diamond has at least one of A centers, B centers, C centers, or combinations thereof. The 
brown natural diamond is placed in a pressure transmitting medium. The pressure transmitting 
medium is consolidated into a pill. The pill is exposed to an elevated pressure of at least 10 
kilobars and an elevated temperature of at least 1500°C within the graphite stable or diamond 
stable range of the carbon phase diagram for a time sufficient to change the color of the diamond. 
The diamond having a color is recovered. 

The claims on Appeal are also directed to a method having the following steps. A 
brown natural diamond is placed in a pressure transmitting medium. The pressure transmitting 
medium containing the natural diamond is subjected to a sufficiently high pressure and high 
temperature for a time sufficient to change the color of the diamond to a fancy color and 
recovering the diamond. 

VI. ISSUES 

The issues on Appeal include: 

I. Are claims 3, 8 and 9 indefinite under 35 U.S.C. §112, second paragraph? 

II. Are claims 1-22 and 28 obvious under 35 U.S.C. §103(a) over U.S. Patent 
No. 4,124,690 to Strong, et al. ("Strong") alone or taken with U.S. Patent No. 3,609,818 to 
Wentorf Jr., et al. ("Wentorf ')? 

III. Are claims 1-16, 19-22 and 28 obvious under 35 U.S.C. §103(a) over U.S. 
Patent No. 3,134,739 to Cannon ("Cannon")? 

VII. GROUPING OF CLAIMS 

Claims 1-22 stand or fall together and are grouped accordingly. 
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Claim 28 stands or falls independently. 


The support for consideration of the grouping of claims is addressed in the 
arguments set forth in the Arguments section of this Appeal Brief. 

VIII. ARGUMENTS 

The Arguments made in the Amendments dated October 9, 2003 and March 8, 
2004 in response to the Office Actions are hereby incorporated by reference. 

Each issue presented for review is addressed hereinafter under the appropriate 

heading: 

I. CLAIMS 3, 8 AND 9 ARE NOT INDEFINITE UNDER 35 U.S.C. §112, 
SECOND PARAGRAPH. 

Appellants respectfully submit that the term "discolored" in claims 3 and 8 have 
been amended to recite "brown" and therefore cannot be deemed indefinite. 

Appellants also respectfully submit that the recitation of colors in the claimed 
invention is not subjective/unclear, and that the colors can be quantified/measured via spectro 
technology by one possessing the ordinary level of skill in the pertinent art of 
diamond/gemstone. It is well known in the diamond/gemstone art to qualify colors scientifically 
by using the CIELAB diagram. CIE is the Commission Internationale de l'Eclairage, the 
international body responsible for recommendations for colorimetry and photometry. The 
CIELAB (L*a*b) color space refers to the color diagram developed by CIE in 1976, and also is 
disclosed by Appellants in the Background of the Invention on page 7 of the application. 

Attachment 1 is a paper titled "CIE Fundamentals for Color Measurements" by 
Yoshi Ohno of the National Institute of Standards and Technology, as presented at the IST&T 
NIP 16 Conference in October 2000, on the CIELAB diagram wherein the three attributes of 
color (i.e., hue, chroma, and lightness) are expressed in a three dimensional space or diagram. 
Appellants previously submitted this document to the Examiner on March 8, 2004. With respect 
to claims 8 and 9, Appellants respectfully direct the Board's attention to Figure 4 in the paper 
wherein the yellow green colors, or specifically the yellowish/greenish colors being defined to be 
the continuum of colors in the upper left (northwest) quadrant of the LAB color space diagram. 
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It should also be noted that in the CIELAB diagram, the hue angle h a b is defined as h ab = tan 
(b*/a*) and the chroma is defined as c = (a* 2 + b* 2 ) 1/2 . 

Additionally a Google search using the key words "CIELAB color diagram 
'yellowish green'" or "CIELAB color diagram 'greenish .yellow'" yield a number of references 
discussing the CIELAB color diagram and the reproduction/identification of colors, including the 
colors in the claimed invention: 

http ://www.pcimag.com/CD A/Articlelnformation/features/BNP Features Item/0, 
1 846.9 1729.00.html 

http://cit.Dixie.edu/vt/reading/gamuts.asp 

A copy of the screen print-outs of the above-referenced Web sites as provided to 
the Examiner on March 8, 2004, is also included in Attachment 1 herewith. 

II. CLAIMS 1-22 AND 28 ARE NOT OBVIOUS UNDER 35 U.S.C. 
§ 103(a) OVER THE STRONG PATENT ALONE OR TAKEN WITH WENTORF. 

Strong teaches the conversion of type lb or mixed type Ib-Ia natural diamond 
having a "greenish-yellow" color or a "yellow" color as the starting color, to at least a shade of 
lighter yellow, i.e., for the result to be a diamond having a very pale yellow or a "colorless" 
crystal ( Strong , column 6, lines 40-50). In the annealing method of Strong , type lb nitrogen is 
partially converted to type la nitrogen and that the nitrogen is not "diffusing out of diamond or 
being converted to nitrogen or yet another type" ( Strong , column 8, lines 63). 

Wentorf discloses a high pressure, high temperature apparatus for the preparation 
of stronger, thicker diamond compacts, wherein a mass of diamond crystals is infused with a 
molten catalyst material. 

The present claimed invention is directed to a method for changing a "brown" 
natural diamond selected from type IaB, type IaA/B, type IaA or type lb with one of A centers, B 
centers, C centers, or combinations thereof, having the color changed. More specifically, the 
color change is achieved by forming a high concentration of H3 centers as determined by H3 
absorption line at 503 nm and further explained in the specification of the application. The 
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method of the present invention includes placing the diamond in a pressure transmitting medium, 
consolidating the pressure transmitting medium into a pill, exposing the pill to an elevated 
pressure of at least 10 kilobars and an elevated temperature of at least 1500°C within the graphite 
stable or diamond stable range of the carbon phase diagram for a time sufficient to change the 
color of said diamond and recovering the diamond having a color. The method of the present 
invention also includes placing the brown natural diamond in a pressure transmitting medium, 
subjecting the medium to a sufficiently high pressure and high temperature for a time sufficient 
to change the color of the diamond to a fancy color and recovering the diamond. 

Claims 1-22 and 28 are not obvious under 35 U.S.C. §103(a) over Strong, et al., 
alone or taken in consideration with Wentorf. In particular, the Examiner is incorrect in his 
understanding of the Strong reference in that Strong fails to teach or suggest, and moreover can 
not teach, a method for the changing of brown natural diamonds to diamonds having a color as 
recited in independent claim 1 or a fancy color diamond as recited in independent claim 28. In 
the method of the present invention, brown natural diamond of a Type IaB, Type IaA/B, Type 
IaA or Type lb diamond, and having at least one of A centers, B centers, and C centers or 
combinations thereof becomes one of yellowish-green, greenish-yellow and neon yellow-green. 
Strong clearly does not teach or suggest the conversion of a brown natural diamond into one with 
yellowish-green, greenish-yellow or neon yellow-green color and rather solves another problem 
which is that for converting type lb nitrogen to type la nitrogen diamonds resulting in a shade of 
lighter yellow diamond or even a "colorless" diamond. And therefore, Strong does not solve the 
problem of providing a color to a natural brown diamond as in the present claimed invention. 

More particularly, Strong does not teach or suggest the mechanism by which the 
color of the brown natural diamond of the present claimed invention changes. It is known in art 
that Type I diamonds contain nitrogen which is present in different states. The Type I diamonds 
can be divided ' into the following: Type la diamonds where the nitrogen exists in an 
agglomerated state as either pairs called A centers (Type IaA) or clusters of four nitrogen atoms 
called B centers (Type IaB) or Type lb where the nitrogen occurs as only single nitrogen atoms 
called C centers. Strong takes diamonds with single atoms of nitrogen, C centers, and converts 
the C centers to A and B centers by annealing. One skilled in the art reading Strong knows that 
the initial yellow diamond includes a high nitrogen content, and more particularly has only single 
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nitrogen atoms forming C centers, since it is known in the art that C centers produce yellow 
diamonds. By annealing diamonds in Strong, the concentration of C centers decreases and 
thereby produces A and B centers. 

In the present claimed invention however, the initial starting diamond is brown 
natural in color. One skilled in the art knows that a brown diamond has A and B centers 
including combinations thereof. With the high temperature and high pressure method of the 
present claimed invention, vacancies in the lattice are created which combine with the A centers 
to form H3 centers. It is these H3 centers which impart the color obtained in the recovered 
diamond of the present invention, as described on page 1 1 of the specification. 

Therefore Strong does not and can not teach or suggest the process of the present 
claimed invention because Strong teaches the conversion of C centers in yellow diamonds to A 
and B centers. In the present claimed invention, H3 centers are formed when vacancies 
generated during high temperature high pressure annealing combine with A centers. A centers 
could be already present in the natural "brown" colored diamonds (Type IaA or IaA/B diamonds) 
or they could be generated either by break up of B centers in Type IaB diamonds or formed by 
agglomeration of C centers in Type lb diamonds. Therefore starting with a yellow diamond (C 
centers) as in Strong does not teach or suggest a method of the claimed invention for changing a 
brown natural diamond (A and B centers) to a color diamond (H3 centers). 

Furthermore, Strong clearly teaches away from the present invention. The 
objective of Strong is to change the color of diamond crystals from Type lb, i.e., "a deep golden 
yellow to a pale yellow with the deep golden yellow indicating substantially more type lb 
dissolved nitrogen than the pale yellow" ( Strong column 2, lines 53-55), to a Type la with "the 
result [beinzl a very pale yellow and/or a colorless crystal " (Strong column 6, lines 47-48). As 
the result of the Strong process, "at least a portion of the [Type lb or mixed Type Ib-Ia] crystal 
undergoes some change in color or shade, .... at least a shade lighter yellow ..." (emphasis 
added). Thus, Strong teaches away from the present claimed invention in the quest for a lighter 
and/or colorless diamond. 

Moreover, Appellants respectfully contend that Wentorf does not cure Strong's 
deficiencies to teach or suggest the claimed invention of changing the color of a brown natural 
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diamond of a Type IaB, Type IaA/B, Type IaA or Type lb with one of the A centers, B centers, 
C center, or combinations thereof. Additionally, one skilled in the art would not combine the 
teachings of the Strong reference with that of Wentorf In particular, Wentorf fails to teach or 
suggest a method of converting Type lb nitrogen to Type la nitrogen diamonds, or even any 
diamonds, and therefore one skilled in the art would not look to Wentorf to supplement the 
teachings of Strong to obtain the present claimed invention. For the foregoing reasons, 
independent claims 1 and 28 are not rendered obvious by Strong alone or in combination with 
Wentorf 

Claims 2-22 depend directly and indirectly from independent claim 1 and further 
define the method of the present invention. These claims further distinguish the claimed 
invention from the method of Strong and apparatus of inventors. 

III. CLAIMS 1-16, 19-22 AND 28 ARE NOT OBVIOUS UNDER 35 U.S.C 
103(a) OVER THE CANNON PATENT. 

Cannon discloses a method of whitening diamonds and changing the electrical 
characteristics of diamonds. Cannon relates to an electrically conductive diamond containing 
aluminum atoms introduced through a diffusion process. In particular, the method of Cannon as 
recited in col. 6 lines 66-70 is directed to the production of "colorless diamonds". 

Appellants contend that the teachings of Cannon that the Examiner is relying 
upon, and Cannon itself, is inoperable. Attachment 2 is an affidavit executed by Dr. Suresh 
Vagarali. This affidavit was previously submitted to the Examiner on March 8, 2004. In the 
affidavit, Dr. Vagarali establishes that upon repeating the Examples in Cannon, the results as 
described in Cannon are not achieved. In other words, a diamond will not change color when 
practiced in accordance with the methods taught in Cannon . As stated in this declaration, Dr. 
Vagarali conducted four experiments to evaluate the effect of pressure and temperature for 
changing the color of diamonds as disclosed in Cannon . The experiments were run to determine 
the veracity of the Cannon invention as defined by the statement, "At high pressures and 
temperatures, diamonds grown become more clear and white, but aluminum diffusion provides a 
more marked and contrasting change to colors." ( Cannon , col. 6 line 73 to col. 7, line 1). From 
the results of the experiments as shown in the affidavit, it is clear that the method disclosed in 
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Cannon is inoperable and therefore Cannon does not teach or suggest a method for changing the 
color of a diamond, let alone changing a brown natural diamond to a diamond having color as 
recited in Appellants' claimed invention. 

Moreover, as evidenced by the publication "Simulation of Diamond Metallization 
using Aluminum" in Attachment 3, aluminum atom diffusion into diamond bulk as disclosed in 
Cannon is very difficult. The diamond has very high atomic density (1.77x10 atoms/cm for 
diamond as compared to 5xl0 22 for silicon) and strong interatomic bonding. These impart 
diamond unique physical properties such as extreme hardness (9000 kg/mm 2 for diamond as 
compared to 4500 kg/mm for cubic boron nitride) and high thermal conductivity (20 watts/cm.K 
for diamond as compared to 1 watt/cm.K for silver) and they also make diffusion of foreign 
atoms (such as aluminum atoms) into diamond extremely difficult. This publication further acts 
to evidence the inoperability of the teachings of Cannon . Therefore, Appellants contend that for 
the reasons of record and in view of Dr. Vagarali's declaration, Cannon can not teach or suggest 
the present claimed invention and therefore does not render independent claims 1 and 28 
obvious. 

Claims 2-16 and 19-22 depend directly and indirectly from independent claim 1 
and further define the process of the present invention. These claims further distinguish the 
claimed invention from the process of Cannon. 

CONCLUSION 

In summary, the claims of the present invention define a process for changing the 
color a brown natural diamonds selected from one a Type IaB, Type IaAB, Type IaA or Type lb 
diamond, having at least one of A centers, B centers and C centers or combinations thereof to a 
diamond having color. With regard to the rejected claims, the Examiner has not addressed all of 
the limitations of the independent claims nor the corresponding dependent claims. A prima facie 
obviousness of a claimed invention, requires that all the claim limitations must be taught or 
suggested by the prior art. In re Royka, 490 F2d 981, 180 USPQ 580 (CCPA 1970). The 
Examiner has failed to show in Strong , Wentorf and Cannon each and every element of the 
claims of the present invention. The preponderance of evidence clearly establishes the 
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allowability of claims 1-22 and 28. Reversal of all of the Examiner's rejections and allowance of 
claims 1-22 and 28 are respectfully requested. 


A check in the amount of $330.00 accompanies this Appeal Brief. The 
Commissioner for Patents is hereby authorized to charge any additional fees which may be 
required to Deposit Account No. 50-0436. Please refund any overpayment to Deposit Account 
No. 50-0436. An original and two copies of this Appeal Brief are enclosed. 

Respectfully submitted, 
PEPPER HAMILTON LLP 



lames M. Singir 
Registration No. 45,1 1 1 
Alka Patel 

Registration No. 49,092 

One Mellon Bank Center, 50 th Floor 
Pittsburgh, PA 15219 
Telephone: (412) 454-5000 
Facsimile: (412)281-0717 

Date: May 10, 2004 
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APPENDIX I 


1 . (Currently amended) A method for changing the color of discolor e d brown 
natural diamond selected from one of a Type IaB, Type IaA/B , Type IaA or Type lb diamond, 
said diamond having at least one of A Centers, B Centers, and C Centers, or combinations 
thereof, said method comprising: 

(a) placing said discolor e d brown natural diamond in a pressure transmitting 
medium; 

(b) consolidating said pressure transmitting medium into a pill; 

(c) exposing said pill to an elevated pressure of at least 10 kilobars and an elevated 
temperature of at least 1500°C within the graphite stable or diamond stable range of the carbon 
phase diagram for a time sufficient to change the color of said diamond; and 

(d) recovering said diamond, wherein the recovered diamond has a color . 

2. (Currently amended) The method of claim 1, wherein said discolor e d 
brown natural diamond has a total nitrogen concentration less than 500 ppm. 

3. (Currently amended) The method of claim 1, wherein said discolor e d 
brown natural diamond is a Type IaB, Type IaA/B Type IaA or Type lb diamond with platelets. 

4. (Currently amended) The method of claim 1, wherein said discolor e d 
brown natural diamond is a Type IaB. 

5. (Currently amended) The method of claim 1 wherein said discolor e d 
brown natural diamond is Type IaA/B. 
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6. (Currently amended) The method of claim 1 wherein said discolor e d 
brown natural diamond is Type IaA. 

7. (Currently amended) The method of claim 1, wherein the discolor e d 
brown diamond is neon yellow-green color. 

8. (Currently amended) The method of claim 1, wherein the discolor e d 
brown diamond has yellowish green color. 

9. (Original) The method of claim 1 wherein the recovered diamond has 
greenish yellow color. 

10. (Original) The method of claim 1, wherein said elevated temperature 
ranges from about 1500° to 3500° C and said elevated pressure ranges from about 10 to about 
100 kilobars. 

1 1 . (Original) The method of claim 6, wherein said elevated pressure ranges 
from about 20 to about 80 kilobars. 

12. (Original) The method of claim 1, wherein said recovered diamond is 
subjected to step (c) a plurality of times. 

13. (Original) The method of claim 1, wherein said pressure transmitting 
medium is thermally and chemically stable at HP/HT and is selected from the group consisting 
of a salt, an oxide, or graphite. 

14. (Original) The method of claim 2 wherein the final concentration of A 
Centers is less than 50 ppm. 

15. (Original) The method of claim 1 wherein the total concentration of 
nitrogen is less than 50 ppm. 
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16. (Previously amended) The method of claim 2 where the final 
concentration of C Centers is less than 2 ppm. 

17. (Original) The method of claim 9, wherein said pressure transmitting 
medium is a salt selected from the group consisting of sodium chloride, sodium iodide, sodium 
bromide, potassium chloride, potassium iodide, potassium bromide, calcium chloride, calcium 
iodide and calcium bromide. 

18. (Original) The method of claim 9, wherein said pressure transmitting 
medium is selected from the group consisting of magnesium oxide, calcium oxide, and mixtures 
thereof. 

19. (Original) The method of claim 9, wherein said pressure transmitting 
medium is graphite. 

20. (Original) The method of claim 1, wherein said elevated temperature and 
elevated pressure are maintained from 30 seconds to 96 hours. 

21. (Original) The method of claim 1, wherein said elevated temperature and 
elevated pressure are maintained from 5 minutes to 24 hours. 

22. (Original) The method of claim 1, wherein said elevated temperature and 
elevated pressure are maintained from about 5 minutes to about 1 hour. 

23. (Cancelled) 

24. (Cancelled) 

25. (Cancelled) 

26. (Cancelled) 
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27. (Cancelled) 

28. (Currently amended) A method for changing the color of discolor e d brown 
natural diamond selected from one of a Type IaB, Type IaA/B, Type IaA or Type lb diamond 
and said diamond having at least one of A Centers, B Centers, C Centers, or combinations 
thereof, said method comprising the steps of: 

(a) placing said discolor e d brown natural diamond in a pressure transmitting 
medium; 

(b) subjecting said pressure transmitting medium containing said natural diamond to 
a sufficiently high pressure and high temperature for a time sufficient to change the color of said 
diamond to a fancy color; and 

(c) recovering said diamond. 

29. (Cancelled) 

30. (Cancelled) 

31. (Cancelled) 
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CONFIRMATORY ASSIGNMENT OF PATENTS 
GENERAL ELECTRIC COMPANY TO 
GE SUPERABRASIVES, INC, 

This Assignment, effective the 3 rd day of June, 2002, is by and between GENERAL 
ELECTRIC COMPANY, a New York Corporation, having a corporate business address at One 
River Road, Schenectady, New York, 12345 ("Assignor"), and GE SUPERABRASIVES, INC., 
a Delaware Corporation, having its principal corporate business address at 187 Danbury Road, 
Second Floor, Wilton, Connecticut, 06897 ("Assignee") (and collectively, "the Parties" or 
"Party"). 

WHEREAS, Assignor and Assignee are parties to a certain Assignment, Transfer & 
Assumption Agreement dated June 3, 2002 (the "Assumption Agreement"), pursuant to which 
Assignee agreed to purchase certain assets of Assignor, and Assignor agreed to cause the same to 
be transferred, assigned and contributed to Assignee; 

WHEREAS, Assignor is the record owner of all right, title and interest in and to the 
pending patent applications identified in Appendix A and issued patents identified in Appendix 
B attached hereto, including all inventions referenced therein and letters patent issued thereon 
and applications for letters patent applied for with respect thereto, throughout the world, and all 
reissues, divisions, continuations, continuations-in-part, renewals, extensions, subsitutions, and 
re-examinations of any of the foregoing throughout the world ("Patents"); 

WHEREAS, pursuant to the Assumption Agreement, Assignor desires to assign and 
transfer to Assignee all of its right, title and interest in and to the Patents, and Assignee desires to 
acquire the same; 

NOW, THEREFORE, for good and valuable consideration, the receipt and sufficiency 
of which is hereby acknowledged, the Parties agree as follows: 

Without limiting the foregoing, the Assignor hereby sells, assigns and transfers to 
Assignee, its successors, assigns and legal representatives, all right, title and interest in and to the 
Patents, together with all rights to sue for past infringement of said Patents and all causes of 
action (either at law or equity) with respect thereto, the right of recovery, including but not 
limited to damages, for such past infringement, and the right to assign the rights conveyed 
herein, the same to be held and enjoyed by Assignee for its own use and benefit and for the use 
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and benefit of its successors, assigns and legal representatives. Assignor hereby authorizes the 
Assignee to record ownership of the Patents directly in Assignee's own name in any jurisdiction, 
municipality or agency, in which recordation is required. 

IN WITNESS HEREOF, the parties hereto have duly executed this Agreement as 
of the Effective Date. 


Signed at _ 


on 


this day of £bs*e>t/^ . 2003. 


GENERAL ELECTRIC COMPANY 
Assignor 


Name: William A. Woodburn 



Title: Senior Vice President 


AGREED AND ACCEPTED: 


Signed at /vjaj fgggj AN 


on 


this SL. day of fWi&^ 2 003. 


GE SUPERABRASIVES, INC.. 



By: 


Name: William C. Carstanjen 


Title: Vice President, Secretary 
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STATE OF NevWo*-^ ) 

) ss: 

county of /\iew tori^) 


BEFORE ME, the undersigned authority, on this day personally appeared William C. 
Carstanjen, having a Power of Attorney from William A. Woodburn, known to me to be the 
person whose name is subscribed to the foregoing instrument and acknowledges to me that 
pursuant to said Power of Attorney he executed the same for the purposes and consideration 
therein expressed in the capacity therein stated and as an act and deed of said corporation. 

Given under my hand and seal of Office this Si day of D&ZM&crt^ 9 2003. 

Notary Public (Y^Sx^Q^OJ^ 


My Commission Expires: b i^j^O"] 


<5TATFOF \\ji>A Yorfc- >> MOLLY B. CHASE 

MAibO* lM*v- \ v,t ~ ) Notary Public, State of New York 

. ) ss: No. 01CH6092796 

COUNTY OF N/eWovK) 0-8SK SfiBSSgfflfel 

BEFORE ME, the undersigned authority, on this day personally appeared William C. 
Carstanjen, known to me to be the person whose name is subscribed to the foregoing instrument 
and acknowledges to me that he executed same for the purposes and consideration therein 
expressed in the capacity therein stated and as an act and deed of such corporation. 

Given under my hand and seal of Office this ^ day of QeogMfegL , 2003. 


Notary Public $JZijgUy^ 
My Commission Expires: 5/2-7/07 

MOLLY B ro*cc 
Notary Public " s: Yor s 

No. r 

Qualifier V 
Commissi!'.-* — . 

MOLLY B. CHASE 

CONFIRMATORY ASSIGNMENT OF PATENTS Notary Public v§!£^ 7 M 

GENERAL ELECTRIC COMPANY TO Qualified™ SSSS cSurty^ 
GE SUPERABRASIVES, INC. Commission Expires 05/27/20 JU 
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ASSIGNMENT PATENTS 


GE SUPERABRASIVES, INC, TO 


DIAMOND INNOVATIONS, INC 


This Assignment, effective the 3j__ day of , 2003, is by and between GE 
SUPERABRASIVES, INC., a Corporation, having its principal corporate business address at 
187 Danbury Road, Second Floor, Wilton, Connecticut, 06897 ("Assignor"), and DIAMOND 
INNOVATIONS, INC., a Delaware Corporation, having its principal corporate business address 
at 6325 Huntley Road, Worthington, Ohio, 46085 ("Assignee") (and collectively, "the Parties"). 

WHEREAS, Assignor and Assignee are parties to a certain Purchase Agreement dated as 
of September 24, 2003 (the "Purchase Agreement"), pursuant to which Assignee has agreed to 
purchase certain assets of Assignor, and Assignor has agreed to cause the same to be transferred, 
assigned and contributed to Assignee; 

WHEREAS, Assignor is the sole owner of all right, title and interest in and to the 
pending patent applications identified in Appendix A and issued patents identified in Appendix 
B attached hereto, including all inventions referenced therein and letters patent issued thereon 
and applications for letters patent applied for with respect thereto, throughout the world, and all 
reissues, divisions, continuations, continuations-in-part, renewals, extensions, subsitutions, and 
re-examinations of any of the foregoing throughout the world ("Patents"); 

WHEREAS, pursuant to the Purchase Agreement, Assignor desires to assign and 
transfer to Assignee all of its right, title and interest in and to the Patents, and Assignee desires to 
acquire the same; 

NOW, THEREFORE, for good and valuable consideration, the receipt and sufficiency 
of which is hereby acknowledged, the Parties agree as follows: 

Without limiting the foregoing, the Assignor hereby sells, assigns and transfers to 
Assignee, its successors, assigns and legal representatives, all right, title and interest in and to the 
Patents, together with all rights to sue for past infringement of said Patents and all causes of 
action (either at law or equity) with respect thereto, the right of recovery, including but not 
limited to damages, for such past infringement, and the right to assign the rights conveyed 
herein, the same to be held and enjoyed by Assignee for its own use and benefit and for the use 
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and benefit of its successors, assigns and legal representatives. Assignor hereby authorizes the 
Assignee to record ownership of the Patents directly in Assignee's own name in any jurisdiction, 
municipality or agency, in which recordation is required. 


IN WITNESS HEREOF, the parties hereto have duly executed this Agreement as 
of the Effective Date. 


Signed at _ 


on this . day of X)gg6^&c^ . 


2003. 


GE SUPERABRASIVES, INC. 
Assignor 


By: 


Name: William C. Carstanjen 
Title: Vice President, Secretary 


AGREED AND ACCEPTED: 


Signed at ii^^jmt^lf/to on this ^tA day of '^Ary^ , 200^ 


DIAMOND INNOVATIONS, INC. 
By: ^J)<MA^K 0. ~ X ^hct-lfl 
Name: "fjLlfL ZL H^tk 
Title: Pax^'JLu,^ f.fo 
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STATE OF MeAA) ) 


) 


COUNTY OF MeW ) 


ss: 


BEFORE ME, the undersigned authority, on this day personally appeared William C. 
Carstanjen, known to me to be the person whose name is subscribed to the foregoing instrument 
and acknowledges to me that he executed same for the purposes and consideration therein 
expressed in the capacity therein stated and as an act and deed of said corporation. 

Given under my hand and seal of Office this 3l $ day of ^^£^cf^ f 2003. 



Notary Public 


STATE OF 
COUNTY OF 


ss: 


My Commission Expires: 5^1 J $7 

MOLLY B.CHASE 
Notary Public, State of New York 
No. 01CH6092796 
Qualified in Queens County 
Commission Expires 05/27/20 ^7 


BEFORE ME, the undersigned authority, on this day personally appeared (awA 
£X £~&Arro , known to me to be the person whose name is subscribed to 


the foregoing instrument and acknowledges to me that he executed same for the purposes and 
consideration therein expressed in the capacity therein stated and as an act and deed of such 
corporation. 

Given under my hand and seal of Office this day of /C^ 200^ 




KAREN PREEST 
Notary Public, State olOWo 


Notary Public 
My Commission Expires: 
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APPENDIX A 
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Understanding Color Communicaton 


How would you describe the color of this rose? Would you say it's yellow, sort of le 
maybe a bright canary yellow? 

Your perception and interpretation of color are highly subjective. Eye fatigue, age 
physiological factors can influence your color perception. 

But even without such physical considerations, each observer interprets color bas 
references. Each person also verbally defines an object's color differently. 

As a result, objectively communicating a particular color to someone without some 
standard is difficult. There also must be a way to compare one color to the next wi 

The solution is a measuring instrument that explicitly identifies a color. That is, an 
that differentiates a color from all others and assigns it a numeric value. 

Ways to Measure Color 

Today, the most commonly used instruments for measuring color are spectrophot 
Spectro technology measures reflected or transmitted light at many points on the 
spectrum, which results in a curve. Since the curve of each color is as unique as a 
fingerprint, the curve is an excellent tool for identifying, specifying and matching co 

The instrumentation and communication of color data is as important as the color 
Throughout the supply chain, different suppliers may use different processes and 
color formulation and quality assurance, making compatibility an essential compon 
products are designed for integration and compatibility throughout the supply chai 
example, a large installation may use integrated, networked color formulation and 
assurance software, such as the Color(r) Master and several sphere instruments t 
shop. A small supplier with a QA-Master I installed on a single computer and one 
spectrophotometer will be compatible with the larger installation. 


The following offers an understanding of which instrument is the best choice for sp 
applications. 


Spherical 

Spherically based instruments have played a major roll in formulation systems for 
years. Most are capable of including the "specular component" (gloss) while meas 
opening a small trap door in the sphere, the specular component is excluded from 
measurement. In most cases, databases for color formulation are more accurate w 
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component is a part of the measurement. Spherical instruments are also the instru 
choice when the sample is textured, rough, or irregular or approaches the brillianc 
surface mirror. Textile manufacturers, makers of roofing tiles or acoustic ceiling m 
all likely select spheres as the right tool for the job. 

0/45 (or 45/0) 

No instrument "sees" color more like the human eye than the 0/45. This simply is 
viewer does everything in his or her power to exclude the specular component (glo 
judging color. When we look at pictures in a glossy magazine, we arrange ourselv 
gloss does not reflect back to the eye. A 0/45 instrument, more effectively than an 
remove gloss from the measurement and measure the appearance of the sample 
human eye would see it. 

Multi-Angle 

In the past 10 or so years, carmakers have experimented with special effect colors 
such as mica, pearlescent materials, ground up seashells, microscopically coated 
pigments and interference pigments are used to produce different colors at differe 
view. Large and expensive goniometers were traditionally used to measure these 
battery-powered, hand-held, multi-angle instrument was introduced. X-Rite portab 
instruments are used by most automakers and their colorant supply chain worldwi 

Colorimeter 

Colorimeters are not spectrophotometers. Colorimeters are tristimulus (three-filter 
that make use of red, green and blue filters that emulate the response of the huma 
and color. In some quality-control applications, these tools can be the least expen 
Colorimeters cannot compensate for metamerism (a shift in the appearance of a s 
the light used to illuminate the surface). As colorimeters use a single type of light ( 
incandescent or pulsed xenon) and because they do not record the spectral reflec 
media, they cannot predict this shift. Spectrophotometers can compensate for this 
them a better choice for accurate, repeatable color measurement. 

Attributes of Color 

Each color has its own distinct appearance, based on three elements: hue, chrom 
(lightness). By describing a color using these three attributes, you can accurately 
particular color and distinguish it from any other. 

Hue 

When asked to identify the color 
of an object, you'll most likely 
speak first of its hue. Quite 
simply, hue is how we perceive 
an object's color - red, orange, 
green, blue, etc. The color 
wheel in Figure 1 shows the 
continuum of color from one 
hue to the next. As the wheel 
illustrates, if you were to mix 
blue and green paints, you 
would get blue-green. Add 
yellow to green for yellow- 
green, and so on. 
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Chroma 

Chroma describes the vividness 
or dullness of a color - in other 
words, how close the color is to 
either gray or the pure hue. For 
example, think of the 
appearance of a tomato and a 
radish. The red of the tomato is 
vivid, while the radish appears 
duller. 

Figure 2 shows how chroma 
changes as we move from 
center to the perimeter. Colors 
in the center are gray (dull) and 
become more saturated (vivid) 
as they move toward the 
perimeter. Chroma also is 
known as saturation. 



Figure 1 / Hue 



Figure 2 / Chromaticity 
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Colors 

can be classified as light or dark when comparing their value. 

For example, when a tomato and a radish are' placed side by side, the red of the t 
to be much lighter. In contrast, the radish has a darker red value. In Figure 3, the v 
lightness, characteristic is represented on the vertical axis. 

Scales for Measuring Color 
The Munsell Scale 

In 1905, artist Albert H. Munsell originated a color 
ordering system - or color scale - that is still used today. 
The Munsell System of Color Notation is significant from 
a historical perspective because it's based on human 
perception. Moreover, it was devised before 
instrumentation was available for measuring and 
specifying color. The Munsell System assigns numerical 
values to the three properties of color: hue, value and 
chroma. Adjacent color samples represent equal 
intervals of visual perception. 

-jgure 4 / Munsell Colo 

Figure 4 depicts the Munsell Color Tree, which provides 

physical samples forjudging visual color. Today's color systems rely on instrumen 
mathematics to help us judge color. 

Three things are necessary to see color: a light source (illuminant), an object (sam 
observer/processor. 

As humans, we see color because our eyes process the interaction of light hitting 
What if we replace our eyes with an instrument - can it see and record the same c 
differences that our eyes detect? 

CIE Color Systems 

The CIE, or Commission Internationale de 
I'Eclairage (translated as the International 
Commission on Illumination), is the body 
responsible for international 
recommendations for photometry and 
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colorimetry. In 1931 the CIE standardized 
color order systems by specifying the light 
source (or illuminants), the observer and the 
methodology used to derive values for 
describing color. 

The CIE Color Systems use three 
coordinates to locate a color in a color 
space. These color spaces include CIE 
XYZ, CIE L*a*b* and CIE L*C*h?. To obtain 
these values, we must understand how they 
are calculated. 


As stated, our eyes need three things to see 
color: a light source, an object and an 
observer/processor. The same must be true 
for instruments to see color. Color 
measurement instruments receive color the 
same way our eyes do - by gathering and 
filtering the wavelengths of light reflected from an object. The instrument perceive 
light wavelengths as numeric values. These values are recorded as points across 
spectrum and are called spectral data. Spectral data is represented as a spectral 
curve is the color's fingerprint (see Figure 5). 

Once we obtain a color's reflectance curve, we can apply mathematics to map the 
color space. To do this, we take the reflectance curve and multiply the data by a C 
illuminant. The illuminant is a graphical representation of the light source under wh 
samples are viewed. Each light source has a power distribution that affects how w 
Examples of different illuminants are A - incandescent, D65 - daylight (see Figure 
fluorescent. 

We multiply the result of this calculation by the CIE standard observer. The CIE co 
work in 1931 and 1964 to derive the concept of a standard observer, which is bas 
average human response to wavelengths of light (see Figure 7). 

In short, the standard observer represents how an average person sees color aero 
spectrum. Once these values are calculated, we convert the data into the tristimul 
XYZ (see Figure 8). These values can now identify a color numerically. 
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Chromaticity Values 


Tristimulus values, unfortunately, have 
limited use as color specifications because 
they correlate poorly with visual attributes. 
While Y relates to value (lightness), X and Z 
do not correlate to hue and chroma. 

As a result, when the 1931 CIE standard 
observer was established, the commission 
recommended using the chromaticity 
coordinates xyz. These coordinates are 
used to form the chromaticity diagram in 
Figure 9. The notation Yxy specifies colors 
by identifying value (Y) and the color as ° * 

viewed in the chromaticity diagram (x,y). Fjgure 6 , Day|ight (s S*daS lllumin 

D65/10J 

As Figure 10 shows, hue is represented at 

all points around the perimeter of the chromaticity diagram. Chroma, or saturation 
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represented by a movement from the central white (neutral) area out toward the d 
perimeter, where 100% saturation equals pure hue. 


Expressing Colors Numerically 

To overcome the limitations of chromaticity 
diagrams like Yxy, the CIE recommended 
two alternate, uniform color scales: CIE 
1976 (L*a*b*) or CIELAB, and CIELCH 
(L*C*h?). 

These color scales are based on the 
opponent-colors theory of color vision, 
which says that two colors cannot be both 
green and red at the same time, nor blue 
and yellow at the same time. As a result, 
single values can be used to describe the 
red/green and the yellow/blue attributes. 


CIELAB (L*a*b*) 
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^RTO8 / Tristimulus Values 
lightness, 

a* denotes the red/green value and b* the yellow/blue value. 


Standard Observer 


Figures 11-12 show the color-plotting diagrams for L*a*b*. The a* axis runs from I 
measurement movement in the +a direction depicts a shift toward red. Along the b 
movement represents a shift toward yellow. The center L* axis shows L = 0 (black 
absorption) at the bottom. At the center of this plane is neutral or gray. 


To demonstrate how the L*a*b* values represent the specific colors of Flowers A a 
have been plotted on the CIELAB Color Chart in Figure 1 1 . A and B intersect at co 
identified respectively as points A and B. These points specify each flower's hue ( 
(vividness/dullness). When their L* values (degree of lightness) are added in Figu 
color of each flower is obtained. 


Color Differences, Notation and Tolerancing 
Delta CIELAB 

Assessment of color is more than a 
numeric expression. Usually it's an 
assessment of the color difference (delta) 
from a known standard. CIELAB is used 
to compare the colors of two objects. The 
expressions for these color differences 
are DL* Da* Db* or DL* Da* Db* (D or D 
symbolizes "delta," which indicates 
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difference). 

Given DL* Da* Db*. the total difference or 
distance on the CIELAB diagram can be 
stated as a single value, known as DE*. 

E*ab = [(DL2) + (Da2) + (Db2)]1/2 


CIE Color Space Notation 

DL* = difference in lightness/darkness 
value + = lighter - = darker 

Da* = difference on red/green axis + = 
redder - = greener 

Db* = difference on yellow/blue axis + = 
yellower - = bluer 

DE* = total color difference value 

Refer to Figure 1 1 . 

For more information on color, contact X 
Rite, phone 800/248.9748; fax 
616/534.8960; visit www.x-rite.com; or e- 
mail info@x-rite.com 


Applications 

Spectrophotometry^ applications are 
seemingly boundless. Color-matching 
measurements are made every day by 
those comparing a reproduced object to a 
reference point. 


( 



Figure 10 / Chromaticity Diagram 
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Spectrophotometry-assisted color 
measurement can be useful in areas 
including the following. 

Corporate logo standardization 
Color testing of inks 
Color control of paints 
Control of printed colors on 
packaging material and labels 
Color control of plastics and textiles 
throughout the development and 
manufacturing process 
Finished products like printed cans, 
clothing, shoes, automobile 
components, plastic components of 
all types. 
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Figure 1 1 / CIELAB Color Chart 
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• Figure 12 / The L* value is represen 
center axis. The a* and b* axes app 
horizontal plane. 
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SUPPLEMENTAL READINGS 

useful information about related subjects 


COLOR GAMUTS 

Starting With XYZ 

The creation of a global color standard embracing the most 
important color gamuts and enabling consistant color 
communications is vital for the growth of color reproduction. The 
CIE, the Commission Internationale de lEclairage, plays a leading 
role in the definition of color systems. 

In 1931 the CEE developed the XYZ color system, also called the 
"norm color system." This system is often represented as a two- 
dimensional graphic which more or less corresponds to the shape of 
a sail. 


The red components of a color 
are tallied along the x 
(horizontal) axis of the 
coordinate plane and the green 
components along the y 
(vertical) axis. In this way every 
color can be assigned a 
particular point on the 
coordinate plane. As you can 
see, colors on the left tend 
toward gray, which means that 
their spectral purity is 
decreased. 


What is not taken into 
consideration in the above model is the variant of brightness. If it 
were, the sail-like figure would look like a flat sack. More on that 
later. 



This Isn't Rocket Science...Really! 

The CIE color standard is based on imaginary primary colors XYZ - 
- which don't exist physically. They are purely theoretical and 
independent of device-dependent color gamuts such as RGB or 
CMYK. These virtual primary colors have, however, been selected 
so that all colors which can be perceived by the human eye lie 
within their color space. 
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The XYZ system is based on the response curves of the eye's three 
color receptors. Since these differ slightly from person to person, 
CIE has defined a "standard observer" whose spectral response 
corresponds more or less to the average response of the population. 
This objectifies the colorimetric determination of colors. 

The three primary colors of the 
CIE XYZ reference system call for 
a spatial model with coordinates 
(X), ( Y) and (Z), which is drawn 
as a chromaticity triangle. To 
arrive at a two-dimensional 
diagram (the sail shape), this 
chromaticity triangle is projected 
into the red-green plane. 

This is only meaningful, however, if appropriate standardization is 
performed at the same time which allows the lost value (Z) to be 
read from the new two-dimensional model. This is achieved by 
introducing the chromaticity coordinates x, y and z. They are 
defined as follows: 

• x = X/(X + Y + Z) 

• y = Y/(X + Y + Z) 

• z = Z/(X + Y + Z) 

where x + y + z = 1 

The value z of any desired color can be obtained by subtracting the 
chromaticity coordinates x and y from 1: 

1 - x -y = z 

However, the CIE chromaticity diagram does have a few 
drawbacks: 

• Brightness is difficult to include 

• There is a discrepancy between perceived color differences 
and the actual spacing of color in the system. 


Adding Brightness to Color 



A color is not defined fully by its 
chromaticity (x and y). A 
brightness coefficient also needs 
to be specified. The eye response 
curve for green is standardized in 
the XYZ system so that it 
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simultaneously reflects the sensation of brightness. That makes it 
identical to the V (1) curve. A color is only described in full if it 
contains the values x and y plus the brightness coefficient Y. 

In the standard color triangle, the right-angled chromaticity triangle 
drawn between zero, x = 1 and y =1 represents the boundaries of 
this reference system. Chromaticities cannot lie outside the triangle. 
The closed curve section represents the position of the spectral 
colors. 

While it is possible to define colors between the triangle and 
spectral color gamut, they are only realized on virtual basis, i.e. not 
physically. The primary colors RGB of a reproduction device — 
such as a color monitor — form a triangle within the spectral color 
gamut. That triangle represents a smaller color gamut with the 
achromatic point more or less in the center. 


Exactly! 

The introduction of the CIE color system made it possible to 
transform color determination from a quality-describing process — 
"I want a bright red — into a process which can be expressed in 
exact quantitative and numerical terms. 

In addition to the quantitative judgement it allows, the CIE color 
space permits the results of additive color mixing to be presented in 
simple form. The results always lie on straight lines between the 
colors being mixed. The CIE standard also allows any desired color 
transformations from one color gamut to another. For example, the 
transformation of a given color from the RGB color gamut of a 
monitor to the CMYK gamut of a printing process is facilitated by 
this standard. 


Perceived Color Differences 

As mentioned, one problem with the XYZ color system is that 
colorimetric distances between the individual colors don't 
correspond to perceived color differences. 

For example, in the figure above, a difference between green and 
greenish-yellow is relatively large, whereas the distance 
distinguishing blue and red is quite small. 


I White 


CIELAB: CIE solved this 
problem in 1976 with the 
development of the Lab 
color space. A three- 



dimensional color space 
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was the result. 

In this model, perceived color differences correspond to measured 
linear colormetric distances. The "a" axis extends from green (-a) to 
red (+a) and the "b" axis from blue (-b) to yellow (+b). The 
brightness (L) increases from the bottom to the top of the 3- 
dimensional model. 


With CIELAB what you see is what you get 
what you want in color management. 


and that's exactly 


CIELAB and Brightness 


yellow 


A 



A horizontal cross- 
section of the CIELAB 
model reveals a plane 
which depicts all 
values of the same 
brightness. That means 
every color can be 
named exactly using 
its specific a, b values 
together with its 
brightness, L. 


The important aspect 
of this color space is 
that it is device 
independent — 

completely independent of weather, mood or scanner or color copier 
— and is therefore objective. 



Thus, the same combination of a, b, and L values always refers to 
the same color... no matter what. 


CIELAB Color Space 

Color vision is complex. While the retina at first registers three 
color stimuli - relating to red, green and blue light rays ~ it is not 
until a further processing stage that three sensations are generated: 

• a red-green sensation 

• a yellow-blue sensation 

• a brightness sensation 

These sensations are used to develop a system known as the 
complementary color system. It is based on the differences of three 
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elementary color pairs: red-green, yellow-blue and black-white. 

wmt€ You know from experience that red can 

Yeikm never contain green components, blue 
cannot contain yellow components and 
white never contains black. It follows that 
in a reference system which has been 
designed correctly - in visual sensation 
terms - the achromatic brightness 
information and the color information 
should be separated not only 
quantitatively but qualitatively. 



Blue 


Black 


Hue and chroma are defined by the coordinates a and b which can 
have both positive and negative values. As with the standard color 
triangle, this color system represents all conceivable colors. 


Thus, numerical values for 
chroma and hue are derived 
from a and b: 


^^^.(Yellow) 



Hue: h = arc tan (b/a) 
(This corresponds to the angle 
between the color vector and 
the +a axis) 

Chroma: c = (a2 + b2 ) 1/2 
(This corresponds to the 
distance between the color 
locus and the mid-point) 
Brightness: L 
(The third characteristic is 
represented vertically by means 
of a brightness scale, 
designated L, with scale values 
ranging from 0 for black to 100 
for white) 

A color gamut in CIELAB 
appears to the right (in 
idealized form, of course) 


For the sake of clarity, the different brightnesses of the spectral 
color curve are not shown in their entirety. The model is delimited 
at the top by a horizontal section. On the outer surface lie all colors 
of maximum chroma. As colors become darker they lose chroma. 
This is logical considering that, when the minimum brightness value 
is reached, every color becomes black and the chroma value is zero. 


I White 


Thus, a color gamut based on real colors 
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would actually look like as you see to the immediate right. And, as 
we understand the way color exists in the real world, two things are 
clear: 

• As the brightness increases or decreases, the chroma reduces 
to zero when white or black is reached. 

• In contrast to the CIE color triangle, the connecting lines 
between the primary colors are not straight. 

The reason for this lies in the visual equispacing of colors in 
CIELAB. This has been achieved through a non-linear 
transformation of the XYZ values into CIELAB values. 

The formulas for the transformation of XYZ to CIELAB are based 
on: 

• L= 116 Yl/3- 16 

• a = 500(Xl/3- Yl/3) 

• b = 200 (Yl/3 -Zl/3), 

with X, Y and Z standardized to 1. 


Advantages of CIELAB in Color Reproduction 

The CIELAB color space has many advantages. Above all, it is not 
dependent on any particular device independent so you can set 
colors as you perceive them when operating a reproduction system. 

CIELAB color space — like the XYZ color space - is able to 
represent all real color gamuts as subsets. 

Assume a reproduction system which is based on the RGB color 
space. The RGB color values need to be converted to CMYK color 
values for the printing process. The two color spaces coincide in 
neither size nor location. Due to the fact that the system has RGB as 
its reference system, it follows that colors of the CMYK color space 
which cannot be represented in RGB cannot be printed in CMYK. 
RGB acts as a restriction to CMYK. For example, chromatic cyan 
cannot be represented on the RGB monitor and, under such 
circumstances, becomes a non-reproducible color. 
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To illustrate, look at the cross-section of a stylized color gamut 
(figure A). In the next illustration (figure B), you now see the cyan- 
red plane. The problem can be shown in simpler form if only one of 
the two planes is observed - in this case the cyan plane (figure C). 

The colors depicted show: 

• CI — cyan with maximum chroma 

• C2 — cyan with the highest possible chroma for this 
brightness value 

• C3 — a pale near-achromatic cyan 

• C4 — a cyan which lies outside the color space 

In the diagram, all the colors have the same hue: cyan. It is possible 
to reproduce them all — except C4 which lies outside the color 
space. If the printable colors are included, the two color spaces are 
not identical (figure D). 

The fact that the two color gamuts overlap means that only the 
colors in a common subset (shaded area) can be reproduced both on 
the monitor and in print. 

In a device-dependent reference system like RGB or CMYK, colors 
lying outside their reference system cannot be reproduced even if 
they are present in the target color gamut. The advantage of global 
reference systems such as the XYZ or CIELAB, which are 
unrestricted, become obvious through this example. 

More Reading 
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Abstract 

The paper first overviews the CIE system of 
colorimetry, covering CIE 1931 color matching functions, 
XYZ tristimulus values, the x, y diagram, the 1976 u\ v' 
diagram, and the evolvement of CIELUV and CIELAB 
color spaces and color difference formulae. The paper 
reviews the measurement of object colors introducing CIE 
standard illuminants and the CIE terminology for color and 
reflectance measurements, then the measurement of light- 
source colors (including displays) with calculation of 
correlated color temperature and color rendering indices. 
The paper also discusses practical aspects of color 
measurements for imaging applications using 
spectroreflectometers, spectroradiometers, and tristimulus 
colorimeters. Overview is given for calibration and 
verification of instruments' accuracy, spectral irradiance and 
reflectance standards (available from national laboratories), 
and uncertainty components. 

Introduction 

The term color is used with different meanings in 
different technologies. To lamp engineers, color refers to a 
property of light sources. To graphics art engineers, color is 
a property of an object's surface (under a given 
illumination). In each case, color must be physically 
measured in order to record it and reproduce the same color. 
The perception of color is a psychophysical phenomenon, 
and the measurement of color must be defined in such a way 
that the results correlate accurately with what the visual 
sensation of color is to a normal human observer. 
Colorimetry is the science and technology used to quantify 
and describe physically the human color perception. The 
basis for colorimetry was established by CIE (Commission 
Internationale de 1 clairage) in 1931 based on visual 
experiments. Even though limitations are well recognized, 
the CIE system of colorimetry remains the only 
internationally agreed metric for color measurement. All 
the official color-related international standards and 
specifications use the CIE System. The CIE system works 
well in most cases, but one should know the assumptions 
and limitations in visual conditions where the CIE system is 
defined. In this paper, the CIE system of colorimetry is 


briefly overviewed, and then practical aspects of color 
measurements and instruments — spectroreflectometers, 
spectroradiometers, and colorimeters - are discussed, with a 
focus on the calibration methods and standards. Uncertainty 
components and correction for errors are also discussed. For 
further details in colorimetry and color science, refer to 
official CIE publications w and many other appropriate 
references 4 . 

CIE System of Colorimetry 

History and Basis 

By the early 19" 1 century, it became known that there 
were three types of cones in the eyes to sense colors. It was 
also known that two light stimuli having different spectra 
could produce the same color (metamerism). It was inferred 
that each cone had spectral sensitivities corresponding to R, 
G, B (Trichromatic Theory, Young, 1800's) or sensitivities 
corresponding to opponent colors, W/Bk, R/G, and Y/B 
(Opponent Theory, Hering, late 1800's). The spectral 
sensitivities of the cones were yet to be known at that time, 
but a color could be matched by combination of three 
primaries, which could be used to specify color (Maxwell, 
1860's). 

Around 1930, Wright and Guild made independent 
visual experiments to derive color matching functions using 
three R/G/B primaries, the results of which became the basis 
of the CIE colorimetry system. Observers viewed a 2° 
circular split field and their task was to adjust the three 
primaries so that their mixture visually matched the visible 
spectrum presented sequentially. Fig. 1 shows the results of 
this experiment using a set of primaries at 435.8 nm, 546.1 
nm, and 700 nm. This is the plot of the relative intensities of 
R,G,B primaries (white-balanced to equal energy white) that 
matched monochromatic stimulus at each wavelength. The 
minus value means that one of the primary colors had to be 
added to the monochromatic stimulus to make the match. In 
1931, the CIE adopted these results as the standardized 
RGB color matching functions denoted as r(X),g(X) i h(X) . 
Then still in 1931, the CIE transformed the RGB color 
matching functions to a new set of primaries, XYZ, to 
eliminate negative values and with the g (A) function set to 
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Figure 1 -CIE 1931 RGB color matching functions 
using primaries at 435.8 nm, 546. 1 nm, and 700 nm. 
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Figure 2 - CIE 1931 XYZ color matching functions. 

be equal to the 1924 CIE spectral luminous efficiency 
function, V(k). This is simply a linear transformation from 
the RGB color matching functions, and the resulting 
functions, shown in Fig. 2, are called the CIE 1931 XYZ 
color matching functions denoted as x\X), J(A),z(A). There 
are two important assumptions in these color matching 
functions: First, rod intrusion is excluded, thus it applies 
only to narrow field-of-view (2°). Second, additivity of light 
stimuli (Grassmann 's Law) is assumed. The ideal observer 
whose color-matching properties correspond to the color 
matching functions 1(A), J^X), z(X) with the 2° field of 
view and satisfying the Grassmann's Law is called the CIE 
1931 standard colorimetric observer. Practically, this 
observer can be used for field-of-view of up to 4°. In 1964, 
the CIE defined a second set of standard color matching 
functions for a 10° field-of-view, denoted as 
*i»(A),yio(A), Ji»(A), to supplement those of the 1931 
standard observer. This is called the CIE 1964 
supplementary standard colorimetric observer, and can be 
used for a field of view greater than 4°. 


Tristimulus Value 

By using the color matching functions, light stimuli 
having any spectral power distribution can be specified for 
color by three values: 


Y = kj<P(X)y(X)dX 
Z = k^0{X)z{X)dX, 


(1) 


where 0(A) is the spectral distribution of light stimulus and 
k is a normalizing constant. These integrated values are 
called Tristimulus values. For light sources and displays, 
0(A) is given in quantities such as spectral irradiance and 
spectral radiance. If <Z>(A) is given in an absolute unit and 
£=683 lm/W is chosen, /yields an absolute photometric 
quantity such as illuminance or luminance. 
For object colors, <Z>(A)is given by 

</>(A)=E(A)tf(A), (2) 

where R(X) is the spectral reflectance or radiance factor of 
the object, E(X) is the (relative) spectral irradiance of the 
illumination, and 

(3) 


A=100/J^(A)y(A)dA. 


Actual integration can be carried out by numerical 
summation of spectral data. 

Chromaticity Diagrams 

By projecting the tristimulus values on to the unit plane 
(X+Y+Z=\), color can be expressed in a two dimensional 
plane. Such a unit plane is known as the chromaticity 
diagram. The color can be specified by the chromaticity 
coordinates (a*, y) defined by 

X . „_ Y 


X+Y+Z y y ~ X+Y + Z' 


(4) 


The diagram using the chromaticity coordinates (x> y) is 

referred to as the CIE 1931 chromaticity diagram, or the 

CIE (x, y) chromaticity diagram. 

The (jc, y) chromaticity diagram is very non-uniform in 
terms of color difference. The minimum perceivable color 
differences in the CIE (x, y) diagram, known as MacAdam 
ellipses, are shown in Fig. 3(a). To improve this, in 1960, 
CIE defined an improved diagram - CIE 1960 (u, v) 
chromaticity diagram* (now deprecated^, and in 1976, a 
further improved diagram - CIE 1976 uniform chromaticity 
scale (UCS) diagram, with its chromaticity coordinate 
(w ', v ') given by 


4X 


9Y 


A'+I5r + 3Z' 


X+15Y + 3Z 


(5) 


The 1 976 (u ', v ') chromaticity diagram is significantly more 
uniform than the (x, y) diagram, yet it is still far from perfect 
as shown in Fig. 3 (b). 
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Figure 3 - MacAdam Ellipses in CIE 1931(x, y) 
diagram and the CIE 1976 {u V diagram. The 
ellipses are plotted 10 times their actual size. 


Uniform Color Spaces and color difference formulae 

Three attributes of color, are hue, chroma (saturation), 
and lightness, and are expressed in a three dimensional 
space. In the chromaticity diagrams as mentioned above, 
lightness is missing, and the hue and chroma are laid out 
very nonlinearly. To allow accurate specification of object 
colors and color differences, CIE recommended three- 
dimensional uniform color spaces - CIELAB and CIELUV 
in 1976. Since the equations are long, they are omitted here. 
These are called the CIE 1976 (Cab") color space or 
CIELAB color space, arid the other, CIE 1976 (Cuv) color 
space or CIELUV color space, and have similar structures 
as the Munsell color solid. In imaging applications, 
CIELAB space is commonly used. In CIELAB space, C 
sh ows the lightness, and (a*, b*) the color as shown in 
Fig. 4, The coordinate (L\a\b*) is calculated from the 
(X,Y,Z) of the given light stimulus and (X M Y n ,Z n ) of the 
white point. Therefore, the CIELAB space has a function of 
correcting for chromatic adaptation to the white point, and is 
intended for object color and displays. The color difference 
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Figure 4 - CIELAB color space. 


in the CIELAB space is calculated as the Euclidean distance 
between the points in this three-dimensional space, and is 
given by, 

AE\h =[(AL*) 2 +(Aa*) 2 +{Ab') 2 f 2 . (6) 

This equation is called the CIE 1976 (L*a*b*) color 
difference formula. The chroma C\ h and the hue angle h alj 
are also calculated from (Cab") by 


C , „ b = (« J + ^)" J 
A„ b =tan-' (b'/a). 


(7) 
(8) 


The CIELUV space is defined in a similar manner, and 
the coordinate (L\u\v) is calculated from the Y and {u y y) 
of the given light stimulus and the white point. Refer to 
references 1 and 4 for the details. 

While the color difference AE* Q b is widely used, its 
chroma scale is known to be fairly nonlinear. For more 
accurate color difference evaluations, CIE recommended an 
improved industrial color difference formula in 1994 - 
CIE94 Formula \ The color difference AE 94 is calculated 
from AL , AC : »b, and AH* a b of the CIELAB formula. 
Another improved formula, the CMC Colour Difference 
Formula, is mainly used in textile industry 6 . Further 
improved color difference formulae are being investigated 
by CIE (TCI -55). 

Correlated Color Temperature 

The color of light sources are measured and expressed 
by the resultant chromaticity coordinates (x,y) or(w\v'). 
However, it is difficult to relate these values immediately to 
particular colors. For such practical purposes, the color of 
"white light" can be expressed by correlated color 
temperature (CCT) in the unit Kelvin [K]. The CCT is 
defined as the temperature of the Planckian radiator whose 
perceived color most closely resembles that of a given 
stimulus at the same brightness and under specified viewing 
conditions 7 . .For example, 2800 K is immediately associated 
with the warm color of incandescent lamps, and 9000 K the 
bluish white from a CRT. According to this definition, CCT 
can be calculated using one of the chromaticity diagrams. 
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Due to the long tradition, CIE still recommends to calculate 
CCT using the 1960 (w,v) chromaticity diagram (now 
deprecated,) '. From («>') coordinates, {u, v) can be 
obtained by u=u\ v=2v73. On the (u,v) diagram, find the 
point on the Planckian locus that is at the shortest distance 
from the given chromaticity point. CCT is the temperature 
of the Planck's radiation at that point. A practical way of 
computing CCT is available 8 . 

Color Rendering Index 

For lamps in lighting applications, it is important to 
evaluate how well a given illumination can render colors of 
objects in the illuminated scene. The CIE defined the color 
rendering index (CRI) for the first time in 1965. Going 
through minor revisions, the CIE recommendation 9 has been 
in wide use mainly by lighting industry. The procedure of 
calculation is first to calculate the color differences AE^ (on 
the 1964 WW uniform color space - now obsolete) of 
selected 14 Munsell samples between the conditions when 
illuminated by a reference illuminant and when illuminated 
by the given illumination. The process incorporates the von 
Kries chromatic adaptation transformation. Then the Special 
Color Rendering Index R { for each color sample is 
calculated by 

*i= 100-4.6 4$. (9) 

This gives an indication of color rendering for each 
particular color. The General Color Rendering Index, R ny is 
given as the average of the first eight color samples 
(medium saturation). With the maximum value being 100, 
R a gives a scale that matches well with the visual impression 
of color rendering. For example, lamps having R a values 
greater than 80 may be considered suitable for interior 
lighting, and R a greater than 90 for visual inspection 
purposes. 

Standard Illuminanis 

The colors of objects change depending on the 
spectrum of illumination. Thus, there is a need to specify 
the illumination for any object color specification. For this 
purpose, colorimetric illuminants are standardized by CIE 
and ISO 2 . CIE Standard Illuminant A (representative of 
tungsten-filament lighting with a color temperature of 
2856 K) and CIE Standard Illuminant D65 (representative 
of average daylight with a CCT of 6500 K) are the two 
primary standard illuminants 2 . It is recommended that either 
of these illuminants be used in all applications. However, 
other phases of daylight illuminant are already widely used 
in specific application areas, and CIE also, defines D50, D55 
and D75 '. Equations are available to obtain the data table 
for Illuminant A and any phase of D illuminant. Even 
though no longer recommended for use, Illuminant B was 
intended to represent direct sun light with a CCT of 
-4900 K, and Illuminant C to represent average daylight 
with a CCT of -6800 K and to be realized by a tungsten 
source combined with a prescribed liquid filter. 


Measurement of Object Color 

Terminology of reflectance measurement 

Object color, in most cases, is determined by spectral 
reflectance measurements. The terminology for reflectance 
measurements is often confused and misused by the imaging 
community. Some important terms are reviewed here 
according to Ref. 7. 

Reflectance is the ratio of the reflected radiant or 
luminous flux to the incident flux in the given conditions of 
spectral composition, polarization, and geometrical 
distribution. The geometrical conditions are very important 
for correctly describing and measuring reflectance, and can 
lead to confusion regarding reflectance measurements. 

Perfect Reflecting Diffuser is an ideal isotropic diffuser 
with a reflectance equal to 1 . 

Reflectance Factor is the ratio of the radiant or 
luminous flux reflected in the direction delimited by the 
given cone to that reflected in the same direction by a 
perfect reflecting diffuser identically irradiated or 
illuminated. 

Radiance Factor is the ratio of the radiance of a surface 
element in a given direction to that of a perfect reflecting 
diffuser identically irradiated. 

Radiance Coefficient is the ratio of the radiance of the 
surface element in the given direction to the irradiance on 
the medium. 

There are several important implications that follow 
from the above definitions. "Factor" in these terms means 
with respect to a perfect reflecting diffuser, and therefore 
can be greater than one. Reflectance, on the other hand, can 
never be greater than one, and is often used descriptively to 
represent all of these reflectance-related quantities. 
Reflectance factor is defined in terms of a cone, while 
radiance factor is defined only in terms of a direction. 
Therefore, if the solid angle of the cone approaches zero, the 
reflectance factor approaches the radiance factor for the 
same conditions of irradiation. If the solid angle of the cone 
approaches 2n sr, the reflectance factor approaches the 
reflectance for the same conditions of irradiation. Finally, 
radiance coefficient is similar to the bi-directional 
reflectance distribution function (BRDF) except that the 
latter is defined for directional incident flux. 

Illuminating and viewing conditions 

Geometry is one of the most important conditions to 
specify in reflectance, colorimetry. For the colorimetry of 
objects, CIE recommends the use of one of four standard 
geometries - 457normal (45/0), normal/45 0 (0/45), 
diffuse/normal (d/0), and normal/diffuse (0/d). The details 
on this subject are covered by the paper by Danny Rich ,0 . 

Reflectance standards 

Most spectroretlectometers are calibrated using white 
reflectance standards for one of the geometries listed above. 
Spectral radiance factor standards are needed for the 45/0, 


0/45, and d/0 geometries, while diffuse spectral reflectance 
standards are needed for the 0/d geometry. Highly diffuse 
white materials such as pressed or sintered 
polytetrafluoroethylene (PTFE) are used for such standards. 
Because absolute measurements of radiance or reflectance 
factors are very difficult, calibrated standards are provided 
by national metrology laboratories l2 , and industrial 
measurements are normally made with traceability to these 
standards. Since a perfect reflecting diffuser does not exist, 
the radiance factor is calibrated by absolute measurements 
of the radiance coefficient. The radiance factor is then 
obtained from the radiance coefficient by multiplying by the 
constant 7t. 

The reflectance characteristics of even the most diffuse 
materials are sensitive to the illumination and viewing 
angles. An example for the measured spectral radiance 
factor of a pressed PTFE sample is shown in Fig. 5. 
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Figure 5 - Radiance factor of pressed PTFE as a 
function of viewing angle at a wavelength of 555 nm. 


Measurement instruments for object color 

Spectroreflectometers are commonly used for object 
color measurements. These instruments measure the 
spectral reflectance of a test sample under a given 
geometrical condition, and most are calibrated by a 
reference standard traceable to a national metrology 
laboratory. Thus, their measurement uncertainty first 
depends upon the uncertainty of the reference standard. 
Uncertainties also arise from the characteristics of the 
spectroreflectometer. Effects contributing to the uncertainty 
include wavelength error, detector nonlinearity, stray light, 
bandwidth, the geometrical conditions for both illumination 
and viewing, and measurement noise. The effect of 
bandwidth can be serious for bandwidths greater than 
1 0 nm. For example, a 20 nm bandwidth can cause errors of 
as much as two to three CIELAB units for saturated colors. 
An effective correction method is available n . 
Recommendations for standard methods to characterize 
spectroreflectometers are being developed by the CIE TC2- 
28 committee. Finally, the uncertainty can also depend 


upon the characteristics of the test sample. For example, 
saturated color samples tend to have larger errors. . 

In order to verify stated measurement uncertainties for 
spectrophotometers, calibrated color standards are used. 
Ceramic tiles of various colors manufactured by the British 
Ceramic Research Association (BCRA) are available from 
the National Physical Laboratory (NPL), UK and will be 
available from the National Institute of Standards and 
Technology (NIST), USA. 

For measurements of small color differences, 
tristimulus colorimeters are used because of their benefits of 
high speed and low cost. The uncertainty of tristimulus 
colorimeters is limited, however, due to the mismatch of the 
illumination to the CIE illuminants and of the spectral 
response of the detectors to the CIE color matching 
functions. Thus, they are not suitable for absolute color 
measurements over a wide range of colors l4 ; 

A number of recommendations on spectral reflectance 
and color measurements are available from the American 
Society for Testing and Materials (ASTM) l5 . 

Measurement of Light Source Color 

The measurement of light source color is represented by 
measurement of lamps, LEDs, and displays. Both spectro- 
radiometers and tristimulus colorimeters are widely used. 

Measurement instruments for light source color 

Spectroradiometers are normally designed to measure 
either spectral irradiance (unit: W m" 2 nm" 1 ) ox spectral 
radiance (unit: W sr*' m 2 nm" 1 ). The former is equipped 
with a diffuser or a small integrating sphere as input optics, 
and the latter equipped with imaging optics. For example, 
lamps are normally measured for spectral irradiance and 
displays are measured for spectral radiance to obtain colors. 
There are two types- of spectroradiometers; mechanical 
scanning type and diode-array type. Generally, the former is 
more accurate but slow, and the latter is fast but less 
accurate. Spectroradiometers are calibrated against spectral 
irradiance or radiance standards traceable to national 
standards ,6 . Thus, their measurement uncertainty first 
depends on that of the reference standard. Then, like 
spectroreflectometers, there are many other uncertainty 
components including wavelength error, detector 
nonlinearity, stray light of monochromator, bandwidth, 
measurement noise, etc. The errors vary depending on the 
spectrum of the source measured. Even if the instrument's 
specification shows a low uncertainty for a tungsten source 
(normally a calibration source), the instrument's uncertainty 
for other colors can be much larger. For example, typical 
diode-array spectroradiometers exhibit errors of up to 0.005 
in x, y for various display colors while they are specified for 
an uncertainty of -0.001 in x, y for CIE Illuminant A. For 
applications where highest accuracy is required, it is 
necessary to calibrate the instruments for various actual 
colors to be measured. For color measuring instruments for 
displays, such a calibration facility and services are 
available 17 . 


Tristimulus colorimeters are also widely used for 
colorimetry of lamps and displays. While they have benefits 
of low cost and high speed, errors due to spectral mismatch 
are inevitable and their uncertainty for measurement tend to 
be higher than spectroradiometers. To improve accuracy in 
display measurements, effective correction techniques are 
available ,8 « ,9 . 

Uncertainty of measurements 

Uncertainty of measurement is an estimate of the range 
of values within which the true value lies. When making 
colorimetric and photometric measurements, it is important 
to know the uncertainty of the results. The uncertainty in a 
measurement depends not only on that of the measurement 
instruments but also on the measurement conditions. The 
measurement uncertainty must be stated for official 
exchange of measurement results, and it must follow the 
international recommendations 20 . The term accuracy is no 
longer recommended to specify the values of uncertainty. 
For industrial measurements, it is now recommended to use 
an expanded uncertainty with a coverage factor k=2. See 
Ref. 20 for the details. 

Conclusion 

An overview has been given for the fundamentals of the 
CIE colorimetry system and practical issues in 
measurements of object color and light-source color. When 
making measurements, one should be aware of the 
uncertainty of the measurement instruments and uncertainty 
components arising from the measurement conditions. Refer 
to the given references for the details in the subjects covered 
in this paper. 
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lExperiment 1. A brown Type la natural diamond weighing 0. 1957 gm was embedded 
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1 bar of pres$ure equals approximately 1 atmosphere pf pressure, so 60 kbar equals approximately 60,000 aim. 
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;The color / appearance of each diamond before and after the high pressure / high 
temperature treatment in the reactor vessel was recorded. The results are shown below: 


Example 

i 

BEFORE' 
color of 
diamond 

Reactor 

Pressure 

(kbai) 

Reacior 

Tcmperatur 

e 

°C : 

Time 
(minutes) 
in Reactor 

.i 

Use of 
Al. disks 

AFTER 
color of 
diamond. 

OBSERVED 
change in 
diamond color 

1 

Brown 

60 

i5do ; 

20- : 

N 

Brown 

None 

2 

Brown 

60 

1500 

20 ; 

Y 

Brown 

None 

3 

Brown 

35 

1100 


*! 

Brown 

None 

4 

Brown 

60 

1400 '. 

20 

V 

Bjwd ' 

None 


8. The diamonds were examine^ BEFORE jand AFTER ;the experiments. They remained 
the same brown color- I did not see any change in ralot in ai^ of the four ex^ I 
therefore conclude that the statement in Cannon ;that ^diamonds grown become mote clear and 
white, but aluminum diffusion provide* a more marked and contrasting change to colors*" is 
false (Cannot column 6 line 74 to column 7, line 1). I further conclude that no observable 
change 1 in color occurs in diamonds that are processed tinder the pressure and temperature 
conditions disclosed in Cannon. 

9. il hereby declare that all statements made herein: of my own knowledge are true and that 
all statements made on information and belief are believed to, be true; and further that these 
statements were made with the knowledge that wiDfiil false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code* and that such willful false statements may jeopardize the validity of the application or any* 
patent issued thereof / , 


Date 


Respectfully submitted, 
— L_ 

Suresh S. Vagarali 


Exhibit A: CV of Suresh S. Vagarali 


I EXHIBIT A: CV of Suresb. S. Vagarali 

i 

Education: 

Ph. D. Materials Science, 1979, University of Southern Caljfoniia, L03 Angeles, CA. 
B. S, Metallurgical Engineering, 1 969, University of MyBorc, Mysore, India 

Training: 

Robust Design (2001) 
DFSS Training (2000) 

Leadership Skills Development Course (1998) ' . '" 
Sk Sigma (MAIC) Training (1996). \. '■ ■ 

■ i ) 

Employment History: - ; : ! 

7/1 997 to Present: Technology Development Leader, GE Superabrasives, Worthington, OH. 

7/J988 to 6/1997: Sr. Research Engmter,,(3E Sifperabi^ivcs, Worthington, OH. 

2/1988 to 6/1988: Sr. -Research Engineer;' Norton Company, Jxoy 7 NY. 

4/1982 to 2/1988: Sr. Research Engin^ Norton Cdmpatiy, Worcester, MA. . 

1/1979 to 4/1982: Asst. Research Engineer, tTnrvSwtyj ot California, Santa Barbara, CA. 

i :' ; ! ' :' ■ 

Qualifications; < 

• Lead inventor ,of patent on Synthetic fcnpepaj Grade Jadexte, approval received from patent 
office(2001) • ' \\ i j ;:j 

• Winner of 1999 GE Plastics CHARLES E. REED Process Innovation Award for work on 
BellataircGcmDia^oh^Pr:ojdstC2000) 

• Award of Stick Optitins and Restricted Stock" Units* for work on Bellataire Ge^ Diamond 
Project (1998) , ■ 

• Five US/Eurppekii' Patents receiveid and seven applications pending 

• Strong- technical background in piateriak research (cell design and synthesis of new products) 

• Expertise in (transfer ^qf technology to an overseas plant 

• Three maila^einentawards at GE Superabrasives ' : 

• Sixteen publications in technical jiumals ''i 

List of tLS. Patents: 

6,377,340: Method of detection of natural diamonds that have been processed at high pressure 
and high temperatures 

5,869,015: Method for producing cubic boron nitride using mclaminc as catalyst 
5,022,894: Diamond compacts for rock drilling and machining 
4,741,743: Grinding wheel with combination, of fused and sintered abrasive' grits 
4,609,381: Grinding aid 



ELSEVIER 


Available online at www^dencedlrecLcom 

BCIINCi^DIPCCT* 

Diamond and Related Materials 12 (2003) 1S5J-1558 


DIAMOND 

AND 

RELATED 
MATERIALS 

www, el $evi er.com/locttc/diamoiid 


Simulation of diamond metallization using aluminum 

W.C. Lu, R.Q. Zhang* 

Center of SupcrDUmwul and Advanced Films (COSDAF) and Department of Pftyiict and Materials Scbnce, City Unhv.nuy ofti<m$ Kons. 

M Tat Ox* Avenue, Kowfoon, Hong Kong, SAR, PR China 

Received 23 November 2002; received in revised form 6 June 2003; accepted 9 June 2003 


Abstract 

The metallisation of diamond film has been studied by performing ab initio calculations of systems involving aluminum atom 
using efficient basis sets. Reasonable behavior of (he Al atomic interaction with diamond has been revealed- ft is shown Chat the 
Al diffusions into the diamond butt: are difficult, doe to large barriers to overcome. For the high energy Al atom entering into 
diamond, the Ai substitution for C atom is ftenoxdynamicatty more favorable man the Al diffusion in the diamond. 
© 2003 Elsevier Science B.V. All rights reserved 
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1. Introduction 

Owing to the success in the last decade in achieving 
heteroepitaxia] diamond films [1-3], the desirable appli- 
cations of diamond in advanced electronic devices 
appear to be realistic The metallization is an important 
step in device processing, and the formation of low- 
resistance Ohmic contact for diamond with metals such 
as AI of electrode must be well studied. There have 
been a few reports on metallization of single crystal 
diamond film while polycrystalline CVD diamond have 
been frequently used as substrates in experiments [4- 
9]. It has been observed that the formation of good 
Ohmic or rectifying contacts is not always easily accom- 
plished on diamond films grown by CVD [4j. The 
performance of Ohmic contacts on diamond depends on 
the choice of metals, doping concentration) surface 
pretreatment and so on. A deeper understanding of the 
various related problems such as metal diffusion into 
diamond and metal substitution for carbon atom in 
diamond should be important to realize such a key 
technology. 

The metal -diamond interaction could be simulated 
using a cluster-model approach. However, this may lead 
to the computation of large systems in order to include 
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relatively realistic environment of diamond. lb perform 
the first-principle calculation fox a reliable simulation, 
huge CPU time is required on using a medium level 
compulation resource, indicating that a practical 
approach has to be searched. It would be desirable that 
an efficient scheme be developed for selecting basis sets 
with which the reliability of the result is maintained, 
while the computational resource used is minimal. 
Recently, the principle for choosing such a basis set for 
a non-metal system has been studied by the authors 
[10,11] and 'I>ublar and coworkers [12,13], However, 
there is no previous work on the required efficient basis 
set for A1C materials systems. 

In this work, various schemes for selecting basis sets 
have been examined in calculations for A!<ontaintng 
systems using density functional theory (DPT). The 
AICH X and A1C(CH^ Gc=l-3) clusters simulating the 
Al-C bonding on diamond surfaces were selected for 
studying the basis set effect for A1C systems. The 
determined efficient basis sets were then used to calcu- 
late the interactions between Al and diamond film. 

2, Theoretical approach and computation 

Following previous work in treating a hetero^totnic 
system with an efficient basis set [10-13], we consider 
the difference in the role of the various basis functions 
adopted in the basis set. To examine the selection 
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Tabic I 

Deviations of binding energies (in kc*)/moO with various basis sets 
from the values writb 6-3IG* basis sci m B31YP cukuianoc' 


AlCH AlCH, AlCHj 


6-3 1+C* 

10S-32 

79.52 

63.46 

6-3IO* 

0-83 

064 

0.51 

6-310 

-443 

-245 

-132 


-3.78 

-2.S7 

-Ml 

6-31G*|Al> 

-0.40 

0.7* 

0.97 


AIC(CH 3 ) 

AlC(CH,) 2 

AIC<CH,), 

6-31 +C* 

llfcSl 

71.29 

46.55 

6-310* 

US 


032 

6*310 

-3.72 

-ixn 

-2.07 

6-31G#(CJ 

-3,14 

-2.28 

-2.44 

6-3IG#{Al> 

1-37 

0.97 

-0.22 

6-31G#|Al.C} 


1.16 

-0.23 


'The basis set 6-3K3#(AJ} indicates mat only the Al men is 
described using 6-3 1G* while using 6-3 1G for other atoms- 6- 
3)G#(Al.C) indicates mat only the Al and C atoms directly hound 
to Al art described using the 6-310* basis set while using the 6-3 1 G 
basis set for all other atoms. 


scheme of basis set for Al, we considered the following 
basis sets, 6*31 +G*, 6-31G* T 6-3 1G, as well as the 
designed composite basis sets based on 6-31G. The 6- 
31 +G* basis set specifies that each core orbital is 
described by one basis function composed of six prim- 
itive Gaussian functions, and each valence orbital 
described by two split valence basis functions having 
three and one primitives, respectively; the + , * represent 
an additional diffuse function and an additional d polar- 
ization function, respectively. 

These composite basis sets were constructed by add- 
ing the polarization function to (1) Al; (2) atoms 
directly linked to Al; and (3) Al and the atoms directly 
bound with Ai. Optimizations were performed wirh 
various basis sets using B3LYP approach [14,15] of 
density functional theory, and the corresponding binding 
energies were obtained in order to find out the efficient 
basis set for A1C systems. All calculations were carried 
out with the Gaussian 98 package [16]. 

3. Results and discussion 

J./, The efficient basis sets for AlC systems 

Table 1 lists the calculated binding energies for Al- 
containing compounds considered in this work. The 
binding energies are the differences of the total energies 
with zero-point corrections, between Al-CH and AI+ 
CH, A1CH 2 and Al+CHj, A1CH 3 and A1+CH 3( 
AI-CCH, and A1+CCH 3 , A)C(CH 3 ), and A)+ 
C(CH 3 )a, A1C(CH 3 ) 3 Al+C(CH,) 3 > For AlCH,/ 
A1C(CH 3 ) X (x«i-3), the derived binding energies at 
the B3LYP/6-31 + G* level arc 108.32/110.81 kcal/ 
moU 79.52/71.29 kcal/mol and 63.46/46.55 kcal/mol, 
respectively. We find that the distinctions of the binding 


energies for the single, double and triple Al-C bonds 
are much smaller than those for the various C-C bonds. 
By comparing the results of 6-31 -J-G* and 6>31G* 
(Table 1), it is obvious that (he effect of diffusion 
function on the calculated binding energies is small and 
can be ignored. Further, when the polarization function 
of the Al atom is introduced (denoted as 6-31G#{Al] 
basis set), the calculated binding energies are greatly 
improved. The accuracy of die 6-3SG#{Al) binding 
energies is at the same level as that of &-31G+. table 2 
shows the deviations of optimized geometrical parame- 
ters for A1CH X and A1C(CH 3 ), 0c* U3) with various 
basis sets from those calculated with 6-31 +G* (Fig. 1). 
Obviously, the calculated Al-C bond lengths at 6- 
3IG#{ Al} compares well with those of the standard 6- 
31 +G*. 

The above analysis of basis set effects indicates that 
(he addition of the polarization function to only the Al 
atom involved in the Al-C interaction can yield much 
accurate results of geometrical parameters and binding 
energies. The reduction of total number of basts func- 
tions and the improvement of the computational effi- 
ciency thus makes it possible to calculate large AlC 
materials molecules with excellent accuracy. The 
decrease of the basis-set size would reduce the limitation 
of the computer disk space and may greatly save CPU 
time. Table 3 lists the CPU times with different basis 
sets at SGI Origin200 (4XR10 000) server machine for 
frequency calculations of AlC(CH 3 ) 3 , along with the 
number of basis functions. It shows that the designed 
composite basis sets 6-31G#{AU saves as much as 
approximately 75% CPU time compared with 6-31 + 
G* The reduction in CPU time would be greatly 
enlarged when a larger AlC system such as that simu- 
lating Al substitution in diamond is considered. 


Table 2 

Deviations of optimized geometrical parameters with various basis 
sets from the values with 6-3 1 G* basis set in B3LYP calculation ■ 



AlCil 

AOIj 

AlCH, 

Al-C 

Al-C 

Al-C 

6-31 +0* 

1964 

1.990 

2.012 

6-310* 

-0-010 

-0.006 

-0.005 

6-31C 

0.024 

0.015 

0.015 

6-310#{C} 

0.022 

0.019 

0.021 

6-3IG#|Ai) 

-0.012 

-0.013 

-CLOU 


AKXCH.) 

AIC(CH>), 

AKXCH,), 


Al-C 

Al-C 

Al-C 

6-31 +G* 

1.950 

1.993 

2.04B 

6-3 IG* 

-0-007 

-0.006 

-0-004 

6-3 1G 

0.027 

0.02! 

0.021 

6-31G#lC) 

0.Q25 

0.023 

0.023 

6-31G*(Al) 

-0.009 

0-009 

-0.009 

6-310* (AI.C] 

-0.008 

0.005 

0J003 


* Bond lengths in angstroms. 
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Pig. 1. Optimized structures of AfCH, A1CH„ AICH,, AKXH* AlC(CH>)a and A1C(CH,)„ 


5.2. A/ interactions with diamond surfaces and AI 
substitution in diamond 

lb reveal the mechanism of inter-diffusion in the 
mexfll ligation of diamond, potential energy surface (PBS) 
scanning and substitution of a AI atom for a C atom in 
diamond phase were performed with DFT theory using 
the efficient 6-31G#f All basis set The potential energy 
surface scannings woe performed without relaxations 
of diamond-lilce clusters by considering the surrounding 
sterlc hindrance in the diamond built. This would over- 
estimate the diffusion barriers of AI atom at some level 
due to the fixed substrate clusters, bat would not change 
the conclusions of the At diffusion behaviors on (00 1) 
and (111) surfaces and in the diamond bulk, because of 
the large differences in the corresponding diffusion 
barriers. 

The substrate cluster models, C*H l6 and C,orI,* for 
AI diffusions into diamond (001) and (111) surfaces 
are shown in Fig. 2. In this work, we didn't take into 
account the surface relaxation effects such as dimeriza- 
tion; the ideal (001) and (ill) surfaces are used tor 
our study of AI diffusion. The behaviors of the deposited 
AJ atom on diamond (001) surface are shown in Fig. 
3a and b. It can be seen that the AI atom requires 
approximately 20.8 cV to overcome the energy barrier 
so as to enter the diamond bulk through (001) surface. 
There is a minimum with 75 eV stabilization energy 

■ftbte3 

CPU time and the number or basis functions for AKXCH,) > with 
various basis Rett in B3LYP calculation 


Basis set 

6-31 +G* 

6-31G* 

6-31G#{AJ} 

Number of basis functions 

112 

92 

72 

CPU lime (min) for 

34 

23 

12 

frequency calculation 







Pig. 2. Substrate cluster models for AI diffusion* into diamond (00!) 
and (1 II ) surfaces (numbers indicate 2 coordinates). 
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Fig. 3. PES scanning curves for Al diffusions on the saturated (a) and the unsaturated (b) diamond (001) surfaces and (he saturated (c) and the 
unsaturated (d) diamond (I I \) surfaces at the B3Lr*P/6-3!G*{Al) level. 


after that barrier. This diffusion process is endo€hemic 
by 18.3 eV. Moreover, the PES calculation is also 
performed using an unsaturated diamond (001) surface 
with the two of (he top two hydrogen ainnw taken away. 
In such a case, there is a complex at approximately Z« 
-2.4 k, stabilized by approximately 3.9 eV, which 
corresponds to a bridge site, while (he barrier feature 
disappears and the Al atom can easily go into space 
between the first and the second surface layers. 

For the Al atom depositing onto the diamond (111) 
surface along the symmetrical line of the C J0 H 16 model 
in Fig. 2, the corresponding potential energy curve is 
illustrated in Fig. 3c, showing quite a large energy 
barrier of approximately 36.1 eV for a Al atom crossing 


the surface layer. When the Al atom approaches further 
to the bulk, there appears a minimum stabilized by 6.8 
eV. This diffusion process is shown to be endothermic 
by as much as 29.3 eV. Fig. 3d shows the energetics of 
a similar diffusion process of the Al atom, but on an 
unsaturated surface with the top three hydrogen atoms 
moving away. Compared to the hydrogen-saturated sur- 
face, the energy barrier of 19.0 eV is greatly cut down, 
hut still too high for the Al diffusion to the bulk 
diamond. The atabilijsatiori energy for the Al atom after 
entering the bulk diamond is 3.5 eV. Although the 
relaxation of the diamond surface structure in experi- 
mental Al deposition can lower the energy barrier of the 
Al diffusion to some extent, it can be estimated that the 
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In view or the various energetics of Al depositing 
onto the diamond surfaces, it is found lbnt the Al 
diffusion through diamond (001) surface, especially the 
unsaturated one. is much easier than through diamond 
(111) surface- For the further Al diffusion in the buJk 
of diamond, the energy barrier (8.1 kcal/mol) is still 
very large, indicating that it has much less chances to 
occur in a pure thermal process like annealing. Thus, a 
thermally evaporated AJ deposition may cause little Al 
diffusion into the single crystal of diamond, but may 
favor bond formation with the surface C atoms, espe- 
cially those on diamond (001) surface. For a CVD 


12.0-1 


Fig. 4. Substrate model for Al Affusion io the bulk of diamond. 


Al diffusion through diamond (HI) surface is too 
difficult 

After crossing the diamond surface (probably through 
diamond (001) surface), the behavior of Al in the 
diamond bulk is further studied For the diffusion of Al 
in the diamond bulk, the C,«H 20 cluster model (Fig, 4) 
is used as a substrate. The calculated results bhow that 
the Al diffusion from one cell to another requires 
approximately 8.1 eV (Fig, 5a), which is much smaller 
than the energy barriers for A) passing through the 
saturated diamond (001) (20.8 eV) and diamond (111) 
(36.1 eV) surfaces: To compare with the Al diffusion 
in the diamond bulk, the C behavior was also studied 
(Kig* 5b). It is found mat the interstitial minimum for a 
C atom is located at the interface of two cells (2=0), 
different from the case of the Al atom of which the 
minimum site slightly deviates from the center of each 
cell. The C diffusion through the diamond bulk is seen 
to be much easier than A3, which requires approximately 
3.0 eV to move from the trrterfacial minimum to the 
center of a cell and then diffuse into another cell. 

However, the Al atom could probably take a substi- 
tution site. The cluster model AICmH* (Fig. 6) was 
chosen for the study of substitution. The structure was 
optimized at the B3LYP/6-3lG#{ Al) level. For Al and 
C located in the diamond bulk, their energy difference 
is decreased compared to that between the free Al and 
C atoms, due to the larger stcric interaction for Al in 
the bulk diamond Thus> for the substitution A1 + 
QpHjfi-^C+AlC^H^, the energy of Al or C atom 
should correspond to that at the interstitial, the minima 
as shown in Fig. 5. In this case, it is found that the 
substitution of an Al atom for a C atom is exothermic 
by approximately 3.0 cV. Thus, from the thermodynamic 
viewpoint, the Al atom in the interstitial site shows a 
tendency of substitution for a C atom. 



4.0-1 



0.0 

7. (juigptmm) 


Pig. 5. PES scanning turns for Al (a) &>4 C (b) diffusion* m ihn 
hulk of tHamoad at the B3LYJ>/6-3!C#{Al} level. The corner of the 
clutter model shown in Fig. 4 corresponds to Z-0. 
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Fig. 6. Ouster mode! for substitution of an Al worn Tor » C «Ora in 
diamond. 

diamond film, which is normally polyeiystallinc, the Al 
atom may go into the boundary. However, if the Al 
atoms with higher kinetic energy were used, ihey would 
likely pass through the diamond (001) surface, diffuse 
further into the bulk of diamond and form AlC phases. 
Comparing the energetics of Al diffusion in diamond 
bulk and taking a substitution site, the Al atom of high 
energy may favor substitution from the thermodynamic 
viewpoint, suggesting the facilitation of the mixed AlC 
system formation. 

4. Conclusions 

The basis set 6~31G#{A1}> which applies polarization 
function only to the Al atom is shown to be advanta- 
geous and efficient for predicting reliable geometries 
and binding energies for large AlC systems. The appli- 
cation of this efficient basis set in simulation of metal- 
lization of diamond film has revealed reasonable 
behavior of Al atomic interactions with diamond. The 
calculations show that the Al diffusion into the diamond 


bulk is very difficult, suggesting that the high concen- 
tration of Al in CVD diamond after metallization would 
occupy the grain boundaries rather than the bulk of 
diamond grain. High deposition energy using sputtering 
or ion implantation may result in Al penetrating the 
diamond (001) surface to the bulk and then a favorable 
Al substitution for C atom. 
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